The ganglion cell layer of mammalian retina contains numerous amacrine cells. Many belong to one type, the cholinergic starburst cell, but the other types have not been systematically identified. Using a new method to target sparsely represented cell types, we filled about 200 amacrine neurons in the ganglion cell layer of the guinea pig visual streak and identified 11 types. Ten of these resemble types identified in other species with somas in the inner nuclear layer, but one type has not been previously reported. Most of the types and nearly all the injected cells 95%! arborized low in the synaptic layer where they would co-stratify with various classes of ON ganglion cell. The displaced somas~7% of all amacrine cells! thus represent a heterogeneous pool, which are relatively accessible for study of their interactions with ON ganglion cells.
Introduction
Amacrine somas form a continuous tier at the inner margin of the inner nuclear layer. However, some cells are displaced to the ganglion cell layer~Vaney et al., 1981; Hughes & WieniawaNarkiewicz, 1980; Perry & Walker, 1980 !. Although the main amacrine population is well characterized and known to comprise many different types~MacNeil & Masland, 1998; Vaney, 1991 !, the morphology of displaced cells has not been systematically studied. One would like particularly to know whether the displaced cells represent novel types absent from the main amacrine layer, or rather if they belong mostly to types previously identified in the main layer.
We studied this question in the visual streak of the guinea pig retina, the species where we had previously identified functional mechanisms that involve spiking amacrine cells~Demb et al., 1999!. To start we simply injected many displaced cells with fluorescent dye and then captured their arbors in the synaptic layer. Most proved to be ON starburst cells, which were already known to arborize near the ganglion cell layer~Tauchi & Masland, 1984; Vaney, 1984! . Because this preponderance of starburst cells impeded our identifying rarer types, we targeted a specific class of displaced cells by immunostaining for GAD 65 . This identified a large subset of non-starburst cells, which were then injected with diI~Kao & Sterling, 2003 !. This identified 10 additional types, most of which are familiar, from the amacrine layer of other species. A recent study in ferret of displaced amacrine cells encountered few starburst cells but, in agreement with the present work, found considerable heterogeneity in their physiology and morphology~Aboelela & Robinson, 2004!.
Materials and methods

Tissue preparation
Our studies employed the visual streak of retina from 20 adult guinea pigs. Each animal was deeply anesthetized with 100 mg0kg ketamine, 20 mg0kg xylazine, and 50 mg0kg pentobarbital. Following enucleation, the animal was sacrificed by overdose of pentobarbital. These procedures were performed in accordance with guidelines of University of Pennsylvania and National Institutes of Health. The retina was detached from the pigment epithelium, mounted on a membrane filter~type HA, Millipore, Bedford, MA!, then fixed in a solution prepared from 4% paraformaldehyde in 0.1 M phosphate buffer at pH 7.4 for 15-30 min, and stored in 0.1 M phosphate buffer pH 7.4 at 48C.
Immunostaining
A piece of retina was incubated overnight at 48C in 0.1 M phosphate buffer pH 7.4, containing GAD 65 antibody~1:20, Developmental Studies Hybridoma Bank, University of Iowa, IA!, 0.3% Tween 20 detergent~Lukas et al., 1998!, and 10% normal goat serum. The tissue was washed 3 ϫ 10 min in 0.1 M phosphate buffer and then incubated for 30 min with 1% anti-mouse Alexa488~Molecular Probes! or 1% anti-mouse CY3~Jackson ImmunoResearch, West Grove, PA!, and 0.3% Tween 20. To stain all somas, the retina was immersed for 3 min. in 0.1% solution of the nucleic acid dye, SYTO13~Molecular Probes, Carlsbad, CA!, in 0.1M phosphate buffer pH 7.4.
For ChAT~1:100, Chemicon International, Temecula, CA! immunostaining, a piece of retina was incubated for 48 h at 48C in 0.1 M phosphate buffer pH 7.4, containing 0.5% Triton X-100, and 6% normal goat serum. The tissue was washed 3 ϫ 10 min in 0.1 M phosphate buffer, and then incubated for 2 h with 1% anti-rabbit rhodamine~Jackson ImmunoResearch! and 0.5% Triton X-100 in 0.1 M phosphate buffer pH 7.4, at room temperature.
The specificity of both antibodies had been established in many previous studies~Kao et al., 2004!.
Electrodes and dye solutions
Sharp microelectrodes were pulled from borosilicate glass capillaries to ;30 MV~measured with 1 M KCl!. The electrode tip was filled with 1% DiI in 100% ethanol, or 1% DiO in methylene chloride. The shank was then filled with 100% ethanol. Dye was expelled by 1-50 nA positive current for 10-20 s.
Microscopy
Injected cells were imaged by confocal microscopy with a ϫ40 oil immersion objective~NA ϭ 1.25! and 1-µm steps in the Z-axis. To prevent tissue shrinkage, the retina was kept moist with 0.1 M phosphate buffer; and to prevent compression, a spacer~;200 mm! was placed between slide and coverslip. The outer boundary of the inner plexiform layer~IPL; 0%! was defined as the junction between the inner nuclear layer~INL! and IPL; the inner margin of the IPL~100%! was defined as the junction of the IPL and the ganglion cell somas. Dendritic stratification is given as the normalized distance between these two boundaries. Cells were drawn from Z-stacks of confocal images.
Results
Number of amacrine cells
By staining with a nucleic acid dye and counting all cells in optical sections through the amacrine tier in the inner nuclear layer, we determined the density of amacrine cells in that layer. We counted five regions~250 ϫ 250 mm! from two animals for a total of ;6250 cells. The result was 19710 6 550 cells0mm 2~m ean 6 SD; Fig. 1A !, similar to the rabbit~Strettoi & Masland, 1996!.
The same procedure applied to the ganglion cell layer yielded 2914 6 260 cells0mm 2 , including ganglion and amacrine cells. Ganglion cell bodies were identified by their larger size~Ͼ10-µm diameter! and especially by their nuclei located eccentrically; whereas amacrine cell bodies were smaller~Յ10-µm diameter! with nuclei located centrally~Fig. 1B!. These simple criteria were confirmed by dye-injecting numerous cells and finding that the larger cells with eccentric nuclei always sent an axon into the nerve fiber layer; whereas the smaller cells with central nuclei confined their processes to the inner plexiform layer. Ganglion cell density was 1537 6 137 cells0mm 2 , and displaced amacrine density was 1468 6 28 cells0mm 2~n ϭ 5!. This agrees with the identification of ganglion cells by retrograde labeling~Do-Nascimento et al., 1991!. Thus, displaced amacrine cells in guinea pig retina comprise about half of the neurons in the ganglion cell layer and about 7% of all amacrine cells~6.9 6 0.3%; n ϭ 5!.
Identifying types of displaced amacrine cell
We initially injected 100 displaced amacrine cells and most showed the ON starburst morphology: symmetrically radiate dendrites restricted to a narrow stratum of the inner synaptic layer~Fig. 2; 
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Y. Kao and P. Sterling Tauchi & Masland, 1984; Vaney, 1984!. Because the starburst cell is cholinergic~Hayden et al., 1980!, we could quantify its distribution by counting displaced cells immunopositive for choline acetyltransferase~ChAT!. ChAT-positive somas comprised about half of all displaced cells~55 6 2%; n ϭ 7; Fig. 2 !. As anticipated from the cited studies, these displaced starburst somas restricted their processes to the lower half of the inner plexiform layer. Because most intracellular injections yielded starburst cells, it was difficult to find the others; to address this we immunostained for GAD 65 . This isoform of glutamic acid decarboxylase did not colocalize with ChAT and thus was absent from starburst cells 
Types of GAD 65 cell
The population of GAD 65 -positive displaced amacrine~DA! cells comprised 10 types, described here from most to least commonly encountered. DA1 stratified narrowly at the ;80% level of the inner plexiform layer, the field of processes spanned 300-400 mm Fig. 4 !. The processes distributed asymmetrically, especially compared to the starburst cell~Fig. 2!. DA1 comprised ;40% of the injected GAD 65 cells. DA2 stratified at the 95% level, just above the ganglion cell layer, with an occasional dendrite straying up to 40% or even up to 20%. The dendritic field spanned ;250-350 mm~Fig. 5!. The soma was ;9-10 mm in diameter~vs. ;8 mm for the other cell types! and radiated straight dendrites with prominent varicosities ;1 mm diameter; Fig. 5 !. DA2 comprised 16% of the injected GAD 65 cells.
DA3 arborized at two levels of the synaptic layer, mainly at 90% and 10%. The dendritic field spanned about 250-350 mm and like DA1, the dendrites distributed asymmetrically~Fig. 6!. The deep dendrites were thicker, straighter, and non-varicose; whereas the superficial dendrites were thinner, curvy, and highly varicose~Fig. 6!. DA3 comprised 13% of the injected GAD 65 cells.
DA4 stratified mainly around 70%, with dendritic fields that spanned from ; 250-400 mm. Some examples showed one dendrite extending ;150 mm, beyond the others~Fig. 7!. DA4 comprised 13% of the injected GAD 65 cells.
The remaining types, DA5-10, together comprised ;15% of the injected GAD 65 cells. Although there were only one or a few of each type, they were well stained and clearly differed from the other types. DA5 was medium-field with dendrites that spanned ;150-200 mm. These distributed diffusely at levels between 50% and 90%~Fig. 7!. DA6 was wide field, stratifying at 80%. The dendritic field spanned ;600-700 mm~Fig. 7!. DA6 resembled DA2 but was three-fold larger. DA7 was a "long-range" cell~West, 1976!. The soma produced one primary process that ascended to ;30% where it branched into local dendrites and several long, straight axons that extended for a millimeter or more~Fig. 8!. DA8 was wide-field with dendrites stratified at 30;40% and spanned about 900 mm~Fig. 9!. DA9 stratified at 5%~Fig. 10!. DA10 was a narrow-field cell, arborizing at 45% and spanned less than 100 mm~Fig. 10!.
A plot of stratification versus dendritic span separated the cells into numerous distinct clusters~Fig. 11A; see Rodieck & Brening, 1983; Cohen & Sterling, 1990 !. In several cases two cell types shared the same cluster; for example, the starburst cell plus DA4 and DA2 plus the deep dendrites of DA3. However, other morphological features unambiguously resolved the cluster into two types. Thus the starburst cell is radially symmetrical, but DA4 is irregular and asymmetrical cf. Figs. 3 and 4!. And DA2 is monostratified, whereas DA3 is bistratified. Most of the key distinctions are captured in Fig. 11B . 
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Discussion
Displaced amacrine cells are diverse.
The displaced amacrine cells identified here are quite diverse, comprising 11 types~Fig 11B; see also Aboelela & Robinson, 2004 !. The inventory, including cells positive for ChAT~55%! and GAD 65~1 7%!, accounts for 72% of all displaced cells. The remainder must include types that synthesize GABA via the GAD 67 isoform and types that use glycine~Andrade da Costa & Hokoc, 2003; Vardi & Auerbach, 1995; Pourcho & Owczarzak, 1991; Pourcho & Goebel, 1987 !. We were unable to study these types by immuno-targeting because the available antibodies required conditions unsuited for subsequent diI staining. One expects that, when these classes are targeted~perhaps by a virally mediated GFP!, they will reveal additional diversity. Most of the injected cells aborized in the ON strata. This was found for the all of the displaced starburst cells, which were the most numerous, but it was also found for 90% of the GAD 65 neurons, including 7 of the 10 types~Fig 11A!. One of these types DA3! arborized in outer~10%! and inner~90%! levels of the synaptic layer. If the selectivity noticed here for the ON strata extends to the unstudied 28% of the displaced amacrine population, then it might support the idea that displaced cells are selective for the ON strata-as predicted by Vaney et Certain amacrine types may be exclusively displaced; that is, present only in the ganglion cell layer. This includes the ON starburst cell~Fig. 2! and possibly DA1 and DA4 because the equivalent types in the cat~A11, A15! are usually displaced~Kolb et al., 1981!; also a comprehensive survey in the rabbit found none of these types in the amacrine layer~MacNeil et al., 1999!. However, types that contribute equally to both upper and lower levels apparently place their somas in either layer. For example, the A2 soma, whose arbor spans the whole synaptic layer, is mostly in the amacrine layer, but in the cat it is sometimes displaced Vaney, 1985; Nelson, 1982 !. This type, being glycinergic, was not targeted in our experiments.
Amacrine types are apparently conserved across species
Bipolar and ganglion cell types are clearly conserved across mammalian species~Sterling, 2004; Masland, 2001!. Certain types of amacrine cell are also known to be conserved, such as the A2, starburst, and dopamine cells~Vaney, 1990!. However, the amacrine cells are so diverse and relatively unexplored that it remains 
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to determine how completely they are conserved~MacNeil et al., 1999!. Most of the 10 types of GAD 65 amacrine cell identified here in guinea pig retina do correspond to types identified in other species. DA1, with its asymmetrical dendritic field, resembles cat types A11 and A15; and DA4 resembles cat A14~Kolb et al., 1981!. DA2 and DA6 correspond, respectively, to types S2 and S1 in the rabbit and A17 in the cat~Kolb et al., 1981!, which connect reciprocally with the rod bipolar axon terminal Zhang et al., 2002; Sandell & Masland, 1986 !. DA3, with its varicose outer processes and fine inner processes, resembles the "fountain" cell in the rabbit~Wright & Vaney, 2000; MacNeil et al., 1999! and the mouse~Tsukamoto, unpublished!. DA7 and DA8 correspond, respectively, 
